Vicuñas and guanacos are two species of wild South American camelids that are key ruminants in the ecosystems where they occur. Although closely related, these species feature differing ecologies and life history characters, which are expected to influence both their genetic diversity and population differentiation at different spatial scales. Here, using mitochondrial and microsatellite genetic markers, we show that vicuña display lower genetic diversity within populations than guanaco but exhibit more structure across their Peruvian range, which may reflect a combination of natural genetic differentiation linked to geographic isolation and recent anthropogenic population declines. Coalescent-based demographic analyses indicate that both species have passed through a strong bottleneck, reducing their effective population sizes from over 20,000 to less than 1000 individuals. For vicuña, this bottleneck is inferred to have taken place~3300 years ago, but to have occurred more recently for guanaco at~2000 years ago. These inferred dates are considerably later than the onset of domestication (when the alpaca was domesticated from the vicuña while the llama was domesticated from the guanaco), coinciding instead with a major human population expansion following the mid-Holocene cold period. As importantly, they imply earlier declines than the well-documented Spanish conquest, where major mass mortality events were recorded for Andean human and camelid populations. We argue that underlying species' differences and recent demographic perturbations have influenced genetic diversity in modern vicuña and guanaco populations, and these processes should be carefully evaluated in the development and implementation of management strategies for these important genetic resources.
Introduction
Population and evolutionary genetic studies often seek to identify ecological and evolutionary patterns and processes for multiple species inhabiting the same ecosystem to provide a more reliable overview of the forces that shape the distribution of genetic diversity today (Romiguier et al. 2014) . However, even for ecologically similar or These authors contributed equally: C.S. Casey, P. Orozco-terWengel taxonomically related organisms, it is not clear how comparable fine-scale processes might be, given the myriad of events that shape each species' history and interactions (e.g., Kunkel et al. 2013) . Focusing on two closely related wild South American camelids, emblematic to the Andean mountain chain and southern grasslands, we assessed how their demographic history has shaped their genetic variation. The guanaco (Lama guanicoe) is the largest artiodactyl in South America and the wild ancestor of the domestic llama (Lama glama), while the vicuña (Vicugna vicugna), which possesses some of the finest and most valuable natural fibre in the world, is the wild ancestor of the domestic alpaca (Vicugna pacos; Kadwell et al. 2001) . Both wild species are taxonomically recognised as having two subspecies. In Peru, the resident subspecies (L. g. cacsilensis and V. v. mensalis) have a chequered recent history due to anthropogenic influence beginning with the Spanish conquest involving uncontrolled exploitation, and both are of conservation concern with the current Peruvian national classification describing them as critically endangered and near threatened, respectively. In 1969, Grimwood described the Peruvian guanaco population to be 'on the edge of extinction' (Grimwood 1969) , and in 1971 the Peruvian government declared it an endangered species. Although today, there are~550,000 guanacos in the wild across its range (IUCN 2010) , the Peruvian population remains very low with as few as 3000 animals left, mostly occurring at very low densities ). The vicuña, on the other hand, has recovered from a population size of fewer than 5000 individuals (Grimwood 1969) , less than 1% of the estimated pre-Hispanic population (Brack 1980) , tõ 210,000 in Peru (INEI 2013) at present (~347,000 across the entire Andes; IUCN 2010). This outcome is the result of strong conservation efforts to reduce poaching, as well as promoting sustainable fibre utilisation involving live animal shearing and legal sale of fibre by local Andean communities. Guanacos (L. g. cacsilensis) are managed in similar ways in Peru and northern Chile, largely focusing on population protection, although not all Peruvian populations occur in protected areas (e.g., national parks; Baldi et al. 2016) . Contrastingly, the vicuña (V. v. mensalis) in Peru are captured using ancient Inca rituals (chaccu) and sheared for their fleece, while in northern Chile these occur in natural parks and reserves, where they are protected (Lichtenstein et al. 2008) .
Vicuñas and guanacos overlap throughout their range in the Andes of Peru and Chile, including a number of protected areas, where the vicuña is confined to areas of extreme elevation (>3800 m) between 9°08′ and 18°55′ S. However, throughout their distribution, the two exhibit markedly different ecology and behaviour (see Table S1 for a summary). Most notably, the vicuña is a high-altitude plains specialist while the guanaco is an altitudinal generalist and is found from the coast to the Andean plateau between 8°00′ and 18°30′ S; the vicuña requires moist conditions and consumes food with high water content, whereas the guanaco lives a significant amount of its time in desert and browses when necessary. The vicuña lives in larger, territorial family groups and has large non-territorial bachelor groups, whereas the guanaco lives in smaller, mobile family units, the cohesion of which are currently unknown (Table S1; Frankin 1983; Wheeler 2012a) . Due to such differences these two wild camelids cannot be easily managed similarly, although that has been the approach taken in several South American countries to date, including Peru (e.g., Hoces 2005) . Furthermore, it is expected that differences in social structure, habitat specificity and other life history characters should be reflected in their withinand among-population genetic variation (e.g., Hamilton et al. 2005; Ross 2001 ). If this is indeed the case, genetic management of these two species may need to be carried out differently, especially if their large-scale genetic structure is markedly different.
Genetic analyses of wild camelids to date have not focused on comparing the genetic structure in sympatric populations. Studies on single species have been published using microsatellites and mitochondrial (mt) DNA, for example, on populations of the guanaco in Chile and Argentina (Anello et al. 2016; Bustamante et al. 2002; Gonzalez et al. 2014; Sarno et al. 2001) . Marín et al. (2008) analysed mtDNA across its entire native range, but failed to show evidence for subspecies as distinct evolutionary lineages and instead indicated a rapid post-Pleistocene population expansion. Marín et al. (2008) also concluded that microsatellite analysis of L. g. cacsilensis would be required to show a 'clearer pattern of genetic variation among subpopulations'. However, only a limited microsatellite-based analysis has been published on L. g. cacsilensis so far (Marín et al. 2013) , in which two relatively differentiated genetic groups were identified, although some degree of genetic contact between the two was suggested. To date, one study has documented the mtDNA genetic variation in the vicuña (Marín et al. 2007 ), supporting the current taxonomic status of the species dividing it into two evolutionary lineages, i.e., a northern lineage corresponding to V. v. mensalis, and a southern lineage corresponding to V. v. vicugna. A preliminary study of microsatellite variation in Peruvian vicuñas (Dodd et al. 2006) inferred the presence of up to four genetically differentiated populations; however, how these results reflect genetic variation in the rest of the species' range is yet unknown. However, these studies largely represent nonoverlapping data sets for each species limiting the conclusions that can be derived across studies.
Here, we compare the genetic diversity and structure of guanaco (L. g. cacsilensis) and vicuña (V. v. mensalis) populations from Peru and northern Chile using microsatellite and mitochondrial data. We use these data to compare the demographic histories of these species and to address the following hypotheses: (1) within-population genetic variation in the Peruvian guanaco is lower than that of the Peruvian vicuña reflecting the guanaco's current Fig. 1 Sampling locations in Peru and Chile for (a) vicuña (Vicugna vicugna mensalis) and b guanaco Lama guanicoe cacsilensis analysed in this study with detail of the Peruvian and northern Chilean Andean cordilleras. Sampling locations are shown with empty circles for vicuña and full squares for guanaco. The light grey-shaded area corresponds to the distribution range of V. v. mensalis, and the black areas to that of L. g. cacsilensis. The results of STRUCTURE for K = 2 are shown next to the map for each species, as well as contour lines on the map corresponding to the clusters identified with STRUCTURE for K = 2 (colours correspond to those in Fig. 2) small population size; (2) the higher specialisation and lower vagility of vicuñas has rendered its populations more differentiated than for the highly mobile guanaco, reflecting ecological constraints for vicuñas. These hypotheses, while of intrinsic value for attaining and supporting basic information on the biology of the species, are also expected to provide management-relevant information for the conservation of these threatened populations in the northern part of their range.
Materials and methods
Three hundred and seventy-eight northern vicuña (V. v. mensalis) samples were collected between 1994 and 2009 from 13 populations in Peru and two in northern Chile (Lauca and Surire) ( Figure 1 and Table 1 ). Samples comprised skin (n = 76) and blood (n = 302). Eighty-three samples of northern guanaco L. g. cacsilensis were collected from six Peruvian populations and Putre in Chile between April and December 2004. Samples comprised blood (n = 21) and faeces (n = 62) ( Table 1) . For faecal samples, pellets were collected from individuals observed defecating to avoid contamination between pellets from different individuals and to ensure the collected pellets were fresh. The faecal samples were preserved in 30 ml of absolute ethanol. GPS coordinates were recorded for each sample. Total genomic DNA was isolated from blood and skin samples using a standard phenol chloroform extraction method following digestion with proteinase K (Bruford et al. 1998) . DNA was precipitated in 100% ethanol and resuspended in 50 μl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) prior to analysis. For the faecal samples, one pellet was used to extract DNA using the Qiagen DNA Stool Mini Kit following the manufacturer's instructions. 
Mitochondrial analysis
Vicuña mitochondrial control region molecular methods and analysis are described in detail in Marín et al. (2007) . A fragment of up to 514 bp of the left domain of the mitochondrial DNA (mtDNA) control region was amplified from 1 to 14 guanaco individuals per population using the primers Loop7G, LthrArtio, L362, H15998, H15063 and H493 (Marín 2004 ) in combination to produce short overlapping fragments. Faecal DNA was amplified in a 10 μl reaction volume containing 0.2 μM each primer, 1 μl BSA (10 μg/μl), 3.5 μl Qiagen PCR Multiplex Kit, 0.5 μl H 2 O and 4 μl DNA. Thermocycling conditions were 95°C (15 min), followed by 45 cycles of 94°C (30 s), annealing temperature according to the set of primers used (90 s), 72°C (60 s) and a final extension step at 72°C (10 min). A negative control was included in each reaction. Fragments were sequenced in both directions using the BigDye® Terminator chemistry on an ABI3130 semi-automated DNA analyser. Sequences were aligned and edited manually using the programme SEQUENCHER v.3.1.2 (Gencodes Corp.). These data were complemented with vicuña mtDNA from wild populations in Peru and Northern Chile previously reported by Marín et al. (2007) .
Genetic variation within populations was assessed using haplotype (h) and nucleotide diversity (π) estimated with ARLEQUIN 3.5.1.2 (Excoffier and Lischer 2010) . This software was also used to carry out an analysis of molecular variance (AMOVA) on alternative population groupings in each subspecies. The relationships between haplotypes were estimated with the statistical parsimony approach implemented in TCS v1.21 (Clement et al. 2000) . The demographic history of northern guanaco and vicuña was studied using the coalescent-based neutrality estimators Fu's F S and Tajima's D using ARLEQUIN, and FLUCTUATE 1.4 (Kuhner et al. 1998) . The scaled effective population size parameter theta (Watterson 1975 ) was estimated in DnaSP 3.0 (Rozas et al. 2003 ) and used as starting parameter for the MCMC iterations in FLUCTUATE 1.4 to estimate the maximum likelihood estimates for θ, together with the population growth parameter g. Parameter estimation was stabilised by conducting ten short MCMC chains of 4000 steps each and five long chains of 400,000 steps each, with a sampling increment of 20. Three independent runs were conducted. Since these estimates can be biased upwards, we adopted the approach of Lessa et al. (2003) in which population growth estimates were only recorded as significant if g >3 SD(g).
Microsatellite analysis
Populations were genotyped at 11 (vicuña) or 16 microsatellite loci (guanaco) using the markers YWLL08, YWLL29, YWLL36, YWLL38, YWLL40, YWLL43, YWLL44, YWLL46 (Lang et al. 1996) , LCA5, LCA19 and LCA22 for both species plus LCA23, LCA65, LCA82 (Penedo et al. 1998 ), LGU68 and LGU49 for guanaco only (Sarno et al. 2000) . Amplification was carried out using the QIAGEN ® PCR multiplex kit in 10 μl reaction volume containing 0.2 μM each primer, 5 μl PCR multiplex kit, 2 μl H 2 O and 2 μl DNA. The cycling profile used an initial denaturation step at 95°C (15 min), followed by 25-45 cycles of 94°C (30 s), 59°C (90 s), 72°C (60 s) and a final extension step at 60°C (30 min). PCR products were run with an internal ROX350 size standard on an ABI3130 semi-automated DNA analyser and scored using the GEN-ESCAN 3.7 and GENOTYPER 3.6 software. Each plate included an allelic ladder that acted as a positive control to allow consistent scoring of loci between plates. For faecal samples, each reaction was repeated three times for reproducible heterozygotes and up to seven times for homozygotes and samples exhibiting allelic dropout or false alleles following Taberlet et al. (1996) . Consensus genotypes were constructed from the combined results. These data were complemented with data for two guanaco populations (Hua and Pu) previously reported by Marín et al. (2013) . We identified multiple faecal samples from the same individual by searching for matching microsatellite genotypes using the Excel Microsatellite Toolkit (Park 2001), and eliminated one sample of a pair if it showed more than 85% overlap. The presence of null alleles was assessed with Micro-Checker version 2.2.3 (van Oosterhout et al. 2004) and STRUCTURE analysis (see below). Summary statistics of genetic variation (e.g., average number of alleles per locus, H E ) and the F ST were calculated with MSA (Dieringer and Schlötterer 2003) and the inbreeding coefficient with GENETIX v4.03 (Belkhir et al. 1996-) . Population structure and individual-based assignment was assessed by Bayesian clustering using STRUCTURE (Pritchard et al. 2000) without using sampling locations as prior and using the admixture model including correlated allele frequencies with 100,000 steps as burn-in and 1 million steps for data collection. STRUCTURE was run ten times for values of the number of clusters (K) from 1 to 9, and Evanno's method was used to identify the most likely K value (Evanno et al. 2005) . The average pairwise similarity (H) of runs was assessed using the greedy algorithm in CLUMPP v.1.1.2 (Jakobsson and Rosenberg 2007) (H = 0.78480676-0.9979564, 10,000 random input orders and 100 repeats). The partition of genetic variation for each individual across values of K = 2, 3 and 4 were visualised with DISTRUCT (Rosenberg 2004) . We examined the effects of including loci with null alleles (as identified by Micro-Checker) on these results by running STRUCTURE including and excluding them for both species (not shown).
Tests for Hardy-Weinberg equilibrium (H-W) for each locus in each sampling locality were implemented using Genepop v. 4.6 (Rousset 2008) . The p values were adjusted using the Benjamin-Yekutieli false discovery (FDR) approach (Benjamin and Yekutieli 2001) following Narum (2006) .
Recent migration rates among sampling locations were assessed using BAYESASS v.1.3 (Wilson and Rannala 2003) , an approach that does not assume H-W equilibrium within populations. We set delta values for allele frequencies at 0.3 (maximum change between iterations), inbreeding coefficients at 0.30 and immigration rates at 0.18, so that acceptance rates for changes in these parameters fell between 40 and 60% (Wilson and Rannala 2003) . BAYESASS was run three times with different random seeds to check for results convergence, with 2 million steps as burn-in and 6 million steps of data collection.
We used MSVAR to estimate the recent effective population size (N 0 ), the ancestral effective population size (N 1 ), and the time (t) at which the effective population size may have changed from N 1 to N 0 using MSVAR v1.3 (Storz and Beaumont 2002) . Three independent runs of MSVAR were carried out including wide prior distributions of the model parameters and accounting for the possibility that the populations remained stable over time, that there was a bottleneck, or a population expansion (Table S3) . MSVAR was run for a total of 400 million iterations discarding the initial 20% of the MCMC steps as burn-in. The independent runs were used to estimate the mode of the posterior distributions of each parameter (N 0 , N 1 and t) and their corresponding 90% highest posterior density interval. A generation length of 3 years (Frankin 1983 ) was used to rescale the t parameter in years. Convergence of the runs was estimated with the Gelman and Rubin's diagnostic using the CODA library (Plummer et al. 2006) 
in R (R Development Core Team 2009).

Results
Mitochondrial analysis
A final sequence alignment of 327 bp mtDNA control region was obtained for 139 vicuñas and 50 guanacos after trimming. Seventeen haplotypes were detected in each species, with the vicuña haplotypes defined by 21 variable sites (Genbank accessions JQ754672-JQ754688), and the guanaco haplotypes defined by 20 variable sites (Genbank Table 2 Summary of nucleotide (π) and haplotype (h) diversity, population growth parameters Θ w (Watterson 1975) , g, Fu's F s and Tajima's D for mtDNA control region sequences (Watterson 1975 ) was used to estimate Θ g=0 and to give an initial value for g (Kuhner et al. 1998) . These values were then used to estimate Θ g=var and g ± SD, calculated from the two-dimensional likelihood curve of the joint estimates of Θ g=var and g Fig. 2 Population structure and individual assignment of a vicuña and b guanaco populations, assessed by Bayesian clustering of microsatellite genotypes using STRUCTURE for K = 2, 3 and 4 accessions JQ754689-JQ754705). Haplotype diversity was moderate to high for both species (0.775 ± 0.029 for vicuña and 0.934 ± 0.010 for guanaco, Table 2 ), whereas, nucleotide diversity was low (0.009 ± 0.006 for vicuña 0.017 ± 0.009 for guanaco). AMOVA revealed that for both species, the highest variance component was found within localities (explaining 76% of the variation for guanaco and 77% for vicuña, p < 0.001) although variance among localities was also significant. We further explored the partitioning of molecular variance for both species using the northern and southern population clusters identified by STRUCTURE with the microsatellite data (see below), i.e., three groups for vicuña and two groups for guanaco (see Fig. 2a, b) . While the north-south variance component was essentially zero and non-significant for vicuña, for the guanaco it explained 21.86% of the variance, which was highly significant, as were both the among-population and withingroup (8.77%), and the within-population variance components (69.37%). The minimum spanning networks (Fig. 3a, b) show a single-dominant haplotype occurred in most vicuña samples; however, several other common haplotypes were also observed from which related sequences were separated by one or two mutational steps. Furthermore, four divergent haplotypes separated by a minimum of seven mutations from the nearest haplotype were also observed, all of which occurred in the two Chilean populations. In contrast, the guanaco network featured less haplotype sharing among sampling localities, with several haplotypes occurring at intermediate to high frequency. Consistent with a demographically stable population history with multiple haplotypes at medium-high frequencies, π and Θw were comparable in each grouping (Table 2) , and neutrality tests (Fu's F s and Tajima's D) were not significant. Nevertheless, the coalescent-based analysis of population expansion using FLUCTUATE supported a demographic expansion with large positive g parameters (g > 3 SD(g) in both the guanaco and vicuña populations, (495.159 ± 100.462 and 173.930 ± 55.814, respectively) ( Table 2 ).
Microsatellite analysis
Among the 103 guanaco multilocus microsatellite genotypes obtained from faeces, we identified two as corresponding to the same individual. The null alleles test using Microchecker identified five loci with null alleles in guanaco (YWLL38, YWLL43, YWLL44, YWLL46 and LCA22). However, summary diversity statistics of (i.e., expected heterozygosity, allelic richness and inbreeding coefficient) and divergence (i.e., F ST ) were not significantly different when excluding these loci from the analyses (Welch t-tests p value >0.05), and an analysis of population structure including and excluding these loci rendered the same results (Supporting Material Figure S1 ), thus, all loci were retained for analyses. The final guanaco data set had a total of 145 alleles detected across 16 loci, with the number of alleles per locus varying from 4 to 17. H-W equilibrium tests were significant for the locus LCA23 in AQP (B-Y FDR corrected p value <0.05). In vicuñas no null alleles were detected, and no duplicated individuals were detected among the 377 genotyped. A total of 128 alleles at 11 loci were observed, with the number of alleles per locus ranging from 3 to 31. For vicuña after B-Y FDR p values correction, three loci were not in H-W equilibrium in Yantac (YWLL40, YWLL08 and YWLL38), one in Cerro Azul (LCA22), one in Tambo Paccha (YWLL38), while the locus YWLL43 was not in H-W for Villa Junin, Ingenio, Lauca and Surire. Excluding these loci from the populations where they were not in H-W equilibrium did not result in a significant difference in summary statistics of genetic diversity (e.g., expected heterozygosity, F IS ) when compared to including them (Welch t-test all p values >0.45). Due to the presence of multiple loci out of H-W in Yantac, we looked for evidence of Wahlund effect in that population using the software STRUCTURE and a data set including and another excluding these loci. We found that with either of these data sets, all animals were grouped in one cluster with a posterior probability of 99.9% over alternative clustering solutions, indicating that these loci do not contribute substantially to changing the demographic history signal, and thus we kept them for further analyses. Guanacos showed a significantly higher-expected heterozygosity than vicuñas (H e~0 .58 and H e~0 .48, respectively; Welch's t-test p value = 0.017; Table 1), whereas both the per locus F IS and F ST values were not significantly different between the two species (Table 1 and Table S4a , b).
Bayesian clustering showed the highest change in likelihood (delta) between K = 1 and K = 2 for both species with no consistent increase in likelihood value above K = 3 or K = 4 (not shown). Figure 2a , b shows the bar plots for vicuña and guanaco for K = 2-4, respectively. At K = 2 for vicuña, one cluster corresponds to samples broadly distributed throughout the species range (mean ancestry fraction (Q) = 0.91 and ranging between 0.813 and 971), while the other cluster corresponds to a group of three northeastern populations (Cachi Cachi, Tarmatambo and Tambo Paccha; mean Q = 0.925, ranging between 0.890 and 0.976). The population of Villa Junin shows widespread admixture between the two clusters (mean cluster 2 ancestry fraction = 0.562) consistent with its intermediate geographical position. At K = 3, the north-eastern cluster remained unaltered, and the widespread cluster divided into two, with one group comprising the populations of the north-west cordillera (Catac, Yantac and Tinco Cancha) (mean Q = 0.899, ranging between 0.763 and 0.980), and a second group comprising the central and southern populations ranging from Ayavi to southernmost Putre (mean Q = 0.889, ranging between 0.801 and 0.978). Again, Villa Junin, showed admixture with a mean northwestern cordillera ancestry of Q~0.470 and a mean northeastern ancestry of Q~0.430. At K = 4, the central/southern cluster divided into two, with the central Peruvian populations of Ayavi, Huarcapana and Pampa Galeras clustering together, and the southern Peruvian/northern Chilean populations (Ingenio Huacullani, Toccra, Lauca and Surire), with the Cerro Azul population showing admixture between these two clusters. The Tinco Cancha population, previously assigned to the north-west cordillera cluster, groups with the southern Peruvian/northern Chilean populations. Villa Junin still shows evidence of admixture between the north-western cordillera and north-eastern cordillera.
For the guanaco, at K = 2 the samples divide into a cluster of northern samples (Calipuy, Chavin and Huallhua) (mean Q = 0.891, ranging between 0.758 and 0.988) and of southern samples (Arequipa, Moquegua, Tacna and Putre) (mean Q = 0.955, ranging between 0.895 and 0.988; Fig.  2b ). At K = 3, the southern cluster divides in two clusters, a southern Peruvian group comprised of samples form Arequipa, Tacna and Moquegua (mean Q = 0.894, ranging between 0.724 and 0.978), and a Chilean cluster comprised of samples from Putre (Q = 0.981). The Arequipa samples varied in their ancestry coefficients displaying more of a southern Peruvian background but with various levels of admixture with the other clusters. Arequipa Department covers a very large geographic area and the subdivision seen here represented the geographic segregation of sampling locations. At K = 4, the northern and Chilean clusters remain supported, while Arequipa subdivides into two groups with the samples for northern and central Arequipa (Salamanca and RNSAB) and Tacna clustering together, while the southern Arequipa group (Yarabamba) clustered with Moquegua, which, although a different political department, is geographically adjacent. The observed geographical pattern (North-South) found in both species could arise as a result of isolation by distance (IBD). For vicuña, this was not evident when testing for correlations between geographical distances and the rescaled divergence parameters F ST (i.e., F ST /(1− F ST ); Mantel test between 15 Fig. 3 Minimum spanning network of haplotypes for a vicuña and b guanaco populations in Peru and Chile. The size of each haplotype is proportional to its frequency (e.g., the haplotype with the number 17 in both networks corresponds to one individual). Dashed lines indicate alternative connections between haplotypes localities p value >0.1), while for the guanaco a significant correlation (R 2~0 .43; Mantel test between seven localities p value <0.05) was found, indicating that IBD plays a role in explaining the diversity in this species.
The posterior probabilities (Table S5 a, b) of recent migration between guanaco localities estimated using BAYESASS were generally low (less than or close to 5%), except for Huallhua to Chavin (0.21), Moquegua to Arequipa (0.184) and Moquegua to Tacna (0.179). For vicuña, estimates were effectively zero except for Tambo Paccha to Cachi Cachi (0.267) and Tarmatambo (0.281), from Huarcapana to Catac (0.240), from Pampa Galeras to both Huarcapana (0.260) and Ayavi (0.243), and from Ingenio Huacullani to both Lauca (0.220) and Surire (0.2156).
Populations where high-posterior probabilities were recorded are all geographically proximate, with the exception of Catac and Huacarpana (vicuña).
Analyses of demographic history were carried out on the sampling localities with the exception of Calipuy (due to missing data). For each population, three MCMC runs under three different demographic models were tested and their convergence was assessed with the Gelman and Rubin's statistic (all results showed a Gelman and Rubin statistic lower than 1.2). MSVAR detected evidence for major effective population size declines in both species, consistent with current or recent small census sizes ( Figure  4 , Table 3 and Tables S6). Both species presented large ancestral effective population sizes in the order of~20,000 Average estimates across sampling localities of the current effective population size (N 0 ), the ancestral effective population size (N t ) and the time of the bottleneck in years before the present. For each estimate, the 95% highest posterior density interval is provided in parenthesis individuals (with 95% highest posterior density interval (HPD)~6500 to~85,000 in guanaco, and~4000 to over 150,000 in vicuña; Table 3 ). The start of the bottleneck signature for guanaco was dated to~2000 years before the present (YBP; HPD~400-21,000 YBP), with~3300 YBP (HPD~400-25,000 YBP) inferred for vicuña. Following this event, the effective population size in guanaco reached 500 (HPD~100-3400) while the vicuña decreased even further to~200 (HPD~38-1200; Table 3 ).
Discussion
This study presents the first comprehensive comparative analysis of genetic variation in the northern range of the vicuña and guanaco, covering Peru and northern Chile, contextualised with two hypotheses on the drivers of genetic variation and structure in these species. Our first hypothesis is based on very recent demographic trajectories and basic life history differences between these two closely related taxa. The Peruvian guanaco, which is currently at critically low numbers due to ongoing hunting was expected to have lower genetic diversity than the vicuña in the same region, which currently has census population sizes in Peru of~200,000, having been reduced to less than 10,000 individuals during the 1970s. Second, we predicted that the sedentary and altiplano-restricted vicuña would show higher amongpopulation differentiation than the more vagile and generalist guanaco. We addressed these questions using markers that are potentially informative for very recent demographic processes (microsatellites) as well as events further back in the past (mtDNA). However, distinguishing the genetic signatures of ancient and modern events can be challenging in threatened species (e.g., Nichols and Beaumont 1996) .
Mitochondrial DNA variation was remarkably similar for both species, with the same number of haplotypes identified and a similar number of substitutions. In general, haplotype diversity was relatively high and nucleotide diversity was relatively low, suggesting a demographic expansion in both species, although Tajima's D and Fu's F were not statistically significant albeit showing negative values. Nevertheless, these diversity patterns in combination with the large positive population growth parameter (g) for both species suggest that an expansion may have occurred in the distant past. However, more recent demographic changes, as inferred using microsatellites, may have contributed to distorting the signature indicated by the neutrality test. For the vicuña, this is most likely to have coincided with the opening up of the wet altiplano due to increased precipitation associated with the last glacial maximum in the Andes 12,000-9000 YBP (Ammann et al. 2001 ) when vicuña populations are thought to have become extremely large (Marín et al. 2007; Wheeler 1995) . However, for the guanaco, the inferred population expansion cannot be explained by habitat changes in elevational zones alone, because this species is an altitudinal generalist with a much wider distribution (Frankin 1983 ). This interpretation contrasts somewhat with that of Marín et al. (2008) who found no evidence of demographic expansion in L. g. cacsilensis, although their analysis was limited to the estimation of mismatch distributions which are known to be conservative and not always statistically powerful (Ramos-Onsins and Rozas 2002). Importantly, when the northern and southern populations of both species are considered separately, contrasting patterns were revealed. For the guanaco, southern populations appear to have expanded more than in the north, whereas for the vicuña the opposite is process could be inferred, reflecting differences in the post-glacial history along the Andean chain and its impact on the species inhabiting different refugia. The larger northern expansion in the vicuña detected here recapitulates the results of Marín et al. (2007) where vicuña populations north of the Dry Diagonal were inferred to have expanded more than those within it.
Further supporting the results of Marín et al. (2007) , limited geographical structure was evident in northern vicuña based on mtDNA haplotype distribution. In contrast, a significant component of the molecular variance in guanaco could be explained by a north-south division. 'Northern' populations identified using microsatellite data (see below) were located~08°27″ S to 14°43″ S, which was comparable with the distribution of 'northern' haplotypes, although these were not divided exclusively between this region and populations further south (Fig. 3b) . Marín et al. (2008) inferred the potential presence of an isolation-bydistance structure in L. g. cacsilensis, and its inclusion in spatial analyses for the whole species was key for the identification of a significant (if weak) correlation between genetic and geographic distance across the entire South American range. We found, with an expanded data set, that guanacos in Peru and northern Chile show a similar pattern of genetic structure. Nevertheless, the north-south divide seen in the microsatellite data possibly alludes to a separate glacial or post-glacial expansion for northern and southern L. g. cacsilensis, followed by secondary contact, and (or) it may also reflect more recent population processes in comparison to mtDNA which reflect more ancient demography. Although the guanaco's current distribution is related to its utilisation of the pacific slopes of the Andes and the adjacent puna ecosystem of the western cordillera, there are no clear geographic divisions or barriers that might explain the separation of these populations. It is clear, however, that the guanaco's generalist strategy permits wide ranging utilisation of diverse habitats and the occupation of a variety of refugia in the face of climate change and possible anthropogenic pressure.
Microsatellite analysis detected a significant difference in expected heterozygosity between the two species. However, this occurred in the opposite direction as our original prediction, with the guanaco possessing higher variation. It is possible that this result is confounded by the effects of ascertainment bias in microsatellite isolation (Hutter et al. 1998 ) since most of the markers used were isolated from llama (the domestic descendent of the guanaco; Lang et al. 1996; Penedo et al. 1998) , and thus would be expected to be more variable in guanaco than in the more distantly related vicuña. Nevertheless, there was no significant difference in the number of alleles detected per species (which was higher for vicuña for seven out of the eleven loci in common) and it is not clear whether the camelids used to isolate the microsatellite markers were genetically pure llamas, since nuclear introgression of alpaca genetic material in domestic llamas occurs at a rate of~40% (Kadwell et al. 2001 ) and the alpaca was domesticated from the vicuña. These data therefore do not clearly support the hypothesis that recent demographic processes have substantially altered nuclear genetic diversity in these two species with respect to each other.
Our second hypothesis, that vicuña should exhibit greater genetic differentiation among populations than guanaco, also received equivocal support from the data. There was no significant difference in mean per locus F ST for the two species, with vicuña values exceeding those of guanaco for four of the 11 loci in common (Table S2) . Guanaco showed more negative F IS values than vicuña, and vicuña showed more localities with significantly positive F IS values, suggesting some outbreeding in guanacos and inbreeding in vicuñas. BayesASS posterior probabilities, however, suggest low recent migration in both species, although migration was inferred to be higher for guanaco, consistent with differences in behaviour and ecology, where guanacos are more attitudinally mobile and have higher home ranges. In both species, the best supported statistically STRUCTURE result suggested two groups, nonetheless, the highest number of clusters that clearly defined regional groupings in a biological and geographic context for vicuña was four, as opposed to two (or at most three) in the guanaco (Fig. 2a,  b) . Interestingly, both analyses identified a north-south division in population structure, although the boundary identified between these geographic clusters was found at different latitudes (between 14°43″ S and 15°39″ S for the guanaco and between 11°25″ S and 13°42″ S for vicuña). As stated above, while these clusters also partitioned a substantial component of the mitochondrial variance in the guanaco, this was not the case for the vicuña. The northsouth separation of vicuña corresponds approximately to the point where the western, central and eastern cordilleras join (Fig. 1, insert) . North of this point vicuña were divided into two populations, one on the western and one on the central cordillera. To the south of the divide, a central Andean population was found across the western and central cordilleras, in turn separated from the southern populations roughly at the point where the central and eastern cordilleras join to form the Nudo de Vilcanota in Cusco. Beyond this point the vicuñas are found on the west central and eastern cordilleras forming an arc around Lake Titicaca and extending into northern Chile. In contrast, the guanaco is essentially restricted to the pacific slope from the coast to the adjacent heights of the western cordillera.
Pairwise F ST values for microsatellites among localities were nearly all statistically significant for both species (range, 0.073-0.242 in guanaco and 0.030-0.408 in vicuña), with all the non-significant comparisons between guanaco localities and 9/11 in vicuña involving localities with sample sizes of four individuals or less (Tables S4a, b) . A negative correlation was found between expected heterozygosity and F ST in vicuña (r = −0.62, p value~1.1e
) and guanaco (r = −0.6, p value~0.0037), suggesting that the F ST values are probably elevated due to genetic drift in the localities analysed (Weeks et al. 2016) . However, because these values can be influenced by a myriad of local, unknown demographic processes, we chose instead to focus on a Bayesian assessment of recent migration, since this demographic process is most likely to influence contemporary management of populations for conservation (e.g., Goossens et al. 2005) . In agreement with pairwise F ST data, most Bayesian posterior immigration probabilities were low (less than 5%; Table S5 a, b), with three guanaco populations where recent immigration was inferred as highly likely, and five in vicuña. These populations, as expected, are geographically proximate and are within the same cluster inferred with STRUCTURE for each species. For vicuña, these migration events were inferred to have occurred within, and not between, the north-east, central and south Andean clusters, while for the guanaco the same scenario of migration between populations within clusters holds.
In contrast to the possible ancient expansion suggested by the mitochondrial DNA results, the demographic analyses using MSVAR consistently supported a recent bottleneck for both species (Fig. 4) . Large ancestral effective population sizes could be inferred for both species (~20,000), reduced to 500 or less (current effective population size) through a bottleneck that took place~2000 YBP (95% HPD~400-21,000 YBP) for the guanaco, and~3300 YBP for the vicuña (95% HPD~400-25,000 YBP). For the vicuña the estimated bottleneck took place longer ago than the population low registered in the 1970s of fewer than 5000 individuals, and from which the species has recently recovered to 200,000 or more individuals in Peru alone. This recent reduction in census population size may not have been severe enough to have affected the effective population size, and may not have resulted in a further loss of genetic variation, as has been shown for Guanacos on the Falkland Islands (Gonzalez et al. 2014) .
The bottleneck results obtained with MSVAR were consistent across populations, therefore reducing the probability of identifying false bottlenecks (Chikhi et al. 2010; Peter et al. 2010) . The modal estimate of the start of the bottleneck timing was between~2000 and~3000 YBP, however, the 95% highest posterior density of these estimates spans between~400 and~20,000 YBP, covering a long period of time where dramatic changes on the South American landscape occurred. During this long timespan, South American megafaunal extinction occurred, probably prior to the arrival of humans (dated to 14,500 YBP at Monte Verde, Chile; Dillehay 2009; Metcalf et al. 2016; Shockey et al. 2009 ), as well as multiple major temperature oscillations (Barnosky and Lindsey 2010; Kuentz et al. 2011) . During the Middle Holocene, (7500-5000 YBP) different climatic dynamics dominated the highlands and western slopes of the Andes (Kuentz et al. 2011) , where variation in altitude, longitude and latitude is also thought to have created a fluctuating patchwork of wet and dry environments. By 9000 years ago, human hunters were well established in the high Andes of Peru (Aldenderfer 1999) , where evidence of a progression from generalised to specialised hunting (9000-6000 BP) on vicuña and guanaco (Wheeler et al. 1976) led to the onset of the domestication of the vicuña by 6000-5500 BP (Wheeler 1995) and subsequently of the guanaco, following a cool period that marks the divide between the earlier warmer Holocene, and the cooler late Holocene (Thompson et al. 2006) . Following this period, South America's human population appears to have entered a renewed exponential phase of demographic growth lasting until~2000 years ago with the total population having reached as much as 1,000,000 individuals (Goldberg et al. 2016) . Lastly, the lower boundary of the 95% highest posterior interval reaches near 400 years ago, after the start of the European conquest of South America. This period was characterised by a dramatic reduction in the native human population size, as well as in the population size of South American Camelids (Kadwell et al. 2001; Wheeler 2012b; Wheeler et al. 1995) . While identifying the driver(s) of the bottleneck observed in guanaco and vicuña in light of all these changes is difficult, it is likely that the human demographic expansion that took place near the time of the onset of camelid domestication may be a major factor. The data presented in this study are also relevant to the genetic management of Peru and northern Chile's wild camelid genetic resources, where some populations (for example the guanaco in southern Peru) are under imminent threat of extinction. Identification of management units for conservation is therefore desirable and the use of these data, complemented with additional sampled localities and genomic analysis, should therefore assist in this process, provided the interacting factors of recent anthropogenic demographic declines within populations which induce genetic drift and high population differentiation, longstanding natural barriers to gene-flow among populations and human mediated translocations and hunting are properly accounted for.
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